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advection then produces a warm SAT center over the MOB 
region, which together with the in situ cooled SST reduces 
the surface sensible heating and atmospheric available 
potential energy to prevent the occurrence of free convec-
tion. Therefore, it is the change in both large-scale circula-
tion and air–sea interaction due to BOB summer monsoon 
onset that contributes to the MOB formation.
Keywords Monsoon onset barrier · Bay of Bengal 
summer monsoon · Gill-type response · Air–sea interaction
1 Introduction
Monsoon occurs as a consequence of the seasonal reversal 
of circulation induced by an atmospheric response to the 
seasonal transition of land–sea thermal contrast. Monsoon 
onset is characterized by rapid changes in the prevailing 
wind direction and rainfall intensity. However, rainfall is 
both the result of, and a driving force for, the atmospheric 
circulation (Eady 1950). The atmospheric response and 
feedback to the huge latent heating of monsoon convec-
tion makes the monsoon onset process highly complex. The 
evolution of Asian summer monsoon (ASM) onset, which 
is accompanied by an abrupt enhancement of atmospheric 
energy and the water cycle, takes approximately 1 month 
(Wu et al. 2013) and has great impact on society and eco-
nomic growth in Asian countries.
The ASM onset process is characterized by three suc-
cessive phases: onset begins over the southeastern Bay of 
Bengal (BOB), followed by onset over the South China Sea 
(SCS), and finally over India (Wu and Zhang 1998; Wang 
and Lin 2002; Mao et al. 2003; Mao and Wu 2007; Yang 
et al. 2012). The BOB summer monsoon onset is associ-
ated with an overturning of the meridional air temperature 
Abstract The onset process of Asian summer mon-
soon (ASM) is investigated based on diagnostic analysis 
of observations of precipitation and synoptic circulation. 
Results show that after the ASM commences over the 
eastern Bay of Bengal (BOB) around early May, the onset 
can propagate eastwards towards the South China Sea and 
western Pacific but is blocked on its westward propagation 
along the eastern coast of India. This blocking, termed the 
“monsoon onset barrier (MOB)”, presents a Gill-type cir-
culation response to the latent heating released by BOB 
monsoon convection. This convective condensation heat-
ing generates summertime (wintertime) vertical easterly 
(westerly) shear to its east (west) and facilitates air ascent 
(descent). The convection then propagates eastward but 
gets trapped on its westward path. To the east of the central 
BOB, the surface air temperature (SAT) cools faster than 
the underlying sea surface temperature (SST) due to mon-
soon onset. Thus more sensible heat flux supports the onset 
convection to propagate eastward. To the west of the central 
BOB, however, the land surface sensible heating over the 
Indian Peninsula is strengthened by the enhanced anticy-
clone circulation and air descent induced by the BOB mon-
soon heating. The strengthened upstream warm horizontal 
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gradient (MTG) in the mid–upper troposphere (Mao and 
Wu 2007). In the lower troposphere, the development 
of monsoon onset vortex (MOV) in early May over the 
BOB plays an important role in the onset (Lau et al. 1998; 
Liu et al. 2002; Vinayachandran et al. 2007). It has been 
demonstrated that MOV formation and development are 
dominated by the effects of local air–sea interaction (Wu 
et al. 2011, 2012a), barotropic and baroclinic instability 
(e.g., Krishnamurti et al. 1981; Mak and Kao 1982; Mao 
and Wu 2011), and the pumping effect in the upper tropo-
sphere (Liu et al. 2013). All the above factors are strongly 
influenced by the Tibetan Plateau forcing (Wu et al. 2011, 
2012a).
The SCS summer monsoon onset is characterized by 
multi-scale activities (Ding and Chan 2005; Wang et al. 
2009a). The mechanism for the establishment of SCS sum-
mer monsoon can be classified into two categories: one is 
atmospheric internal variability, including the local intra-
seasonal oscillation (Chen and Chen 1995; Zhou and Chan 
2005; Wu 2010) and effect of neighboring weather systems 
(Chan et al. 2000; Xu and Chan 2001; Liu et al. 2002; Tong 
et al. 2009); the other is external forcing, such as the ther-
mal and mechanical effects of local orography (Qian et al. 
2001; Xie et al. 2003; Xu et al. 2008) and air–sea interac-
tion (Zhou and Chan 2007).
For the Indian summer monsoon onset process, there 
are traditionally two different viewpoints. One considers 
Indian summer monsoon onset as the seasonal northward 
movement of the Intertropical Convergence Zone (ITCZ) 
(e.g., Saha and Saha 1980; Srinivasan et al. 1993; Gadgil 
and Sajani 1998; Gadgil 2003). The other treats the onset 
as a westward propagation of the ASM onset process, 
which commences over the eastern BOB (e.g., Tao and 
Chen 1987; Tanaka 1992). It has also been proposed that 
Indian summer monsoon onset is determined by the arrival 
of the active phase of 30–60-day intraseasonal oscillation 
(ISO) at the Indian Peninsula (Goswami and Mohan 2001; 
Goswami 2005). In addition, the mechanical and thermal 
effects of the Tibetan Plateau on ASM onset have been 
highlighted by many researchers (Tao and Chen 1987; Li 
and Yanai 1996; Hung and Yanai 2004; Hung et al. 2004; 
Abe et al. 2013). In particular, the significant impact of the 
surface sensible heat driven air-pump (SHAP) of the Ira-
nian and Tibetan plateaus on ASM onset and evolution has 
also been emphasized (Wu et al. 2007, 2012b).
Despite remarkable accomplishments achieved in the 
past decades concerning ASM dynamics, many questions 
remain unanswered. One example of an area yielding many 
such questions is the study of the propagation of ASM 
onset. It is still unclear how ASM onset evolves and what is 
the controlling mechanism. By analyzing ASM onset isoch-
rones based on scarce data, Tao and Chen (1987) suggested 
that the earliest ASM onset is over the SCS in mid May. It 
then propagates westward gradually and eventually reaches 
the Indian subcontinent. Other earlier studies proposed 
that after the commencement of ASM over the BOB, ASM 
rainfall can propagate eastward and westward concurrently 
(Lau and Yang 1997; Webster et al. 1998; Wang and LinHo 
2002). In contrast, based on an analysis of ECMWF reanal-
ysis data, Wu and Zhang (1998) proposed that ASM onset 
begins over the BOB in early May, then extends eastward 
to the SCS in mid May, but it cannot propagate westward 
directly to India. Based on the NCEP/NCAR reanalysis 
products (Kalnay et al. 1996) and CMAP rainfall data (Xie 
and Arkin 1997), Yan (2005) further revealed that the west-
ward propagation of ASM onset gets trapped over the west-
ern coast of the BOB, which is termed the “monsoon onset 
barrier” (MOB) in this study. However, the mechanism 
responsible for the formation of the MOB remains unclear.
The objective of this study is to investigate the general 
characteristics of the MOB based on rainfall and reanaly-
sis datasets, and explore the possible mechanism for its 
formation. The remainder of the paper is organized as fol-
lows. Section 2 describes the data and method applied. The 
propagation of ASM onset based on different precipitation 
data products is investigated in Sect. 3. Section 4 explores 
the possible mechanism for the MOB formation. Finally, a 
summary and discussion of the key findings are presented 
in Sect. 5.
2  Data and method
2.1  Data description
To reduce the uncertainty in any individual dataset, three 
types of precipitation data, i.e., the CPC Merged Analysis 
of Precipitation (CMAP) (Xie and Arkin 1997) from 1979 
to 2010 provided by the National Oceanic and Atmospheric 
Administration (NOAA), version 1.2 of the Global Pre-
cipitation Climatology Project (GPCP) one-degree daily 
precipitation records (Huffman et al. 2001) from 1997 to 
2010, and the Tropical Rainfall Measurement Mission Pro-
ject (TRMM) daily rainfall production (3B42 Version7) 
from 1998 to 2010 provided by the National Aeronautics 
and Space Administration (NASA), are used to depict the 
MOB. The horizontal resolutions of the CMAP, GPCP 
and TRMM datasets are 2.5° × 2.5°, 1.0° × 1.0°, and 
0.25° × 0.25°, respectively. The 3-D wind field, air tem-
perature on standard isobars and at 2-m height, total cloud 
cover and surface heat flux, with a horizontal resolution of 
1.5° × 1.5°, are extracted from the ERA-Interim reanaly-
sis data from 1979 to 2010 (Dee et al. 2011) to describe 
the ASM onset characteristics. The Outgoing Longwave 
Radiation (OLR, Liebmann and Smith 1996) from 1979 
to 2010 is provided by NOAA with a horizontal resolution 
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of 2.5° × 2.5°. Over the ocean surface, daily sensible heat 
flux, sea surface temperature (SST) and surface air temper-
ature (SAT) with a horizontal resolution of 1° × 1° from 
1985 to 2010 are obtained from the Objectively Analyzed 
Air–Sea Fluxes (OAFlux), which is archived by the Woods 
Hole Oceanographic Institution (WHOI) Cooperative Insti-
tute for Climate and Ocean Research (CICOR).
2.2  Method
In this study, both the changes in circulation and precipi-
tation are used to define ASM onset. As proposed by Mao 
et al. (2003, 2007), ASM onset is identified as the time 
when the ridge surface of the subtropical anticyclone starts 
to tilt northward towards the warm land area from winter to 
summer. Based on the thermal wind relationship, this tilting 
process can be expressed by the reversal of the MTG in the 
upper troposphere (500–200 hPa), implying the change in 
sign of ∂u/∂z, or−∂T/∂y, along the ridge surface. This cri-
terion is actually equivalent to the monsoon onset indices 
proposed by Webster and Yang (1992) based on the change 
in vertical shear of zonal wind (∂u/∂z) and by Li and Yanai 
(1996) according to the change in meridional temperature 
difference between 5°N and 30°N (−∂T/∂y). The MTG 
definition reflects the essence of the onset process of the 
BOB, SCS, and Indian summer monsoons.
Precipitation is an important element related to ASM 
onset. ASM onset can also be determined when a dramatic 
increase in rainfall occurs (Yoshino 1966; Wang 2006), 
with a threshold of greater than 5 mm day−1 over ocean and 
3 mm day−1 over land. Moreover, since the heavy precipi-
tation is usually accompanied by an evident change in wind 
direction, it is necessary to take the wind direction change 
into account when identifying ASM onset. Here, the wind 
direction (θ) is as usual defined as
in which 0°, 90°, 180° and 270° represent northerly, east-
erly, southerly and westerly wind, respectively. And the 
deviation of wind direction on each day (θt) from the mean 
value in January (θ1) is treated as the wind direction change 
(∆θ), i.e.,
The summer monsoon onset is marked by a greater than 
100° change of surface wind direction at 10-m height (Wu 
et al. 2013). The thresholds of 100°, 120° and 140° have 
been tested to determine ASM onset, and the results show 




0◦ if u = 0, v < 0;
270◦ − tan−1(v/u) if u > 0;
180◦ if u = 0, v > 0;
90◦ − tan−1(v/u) if u < 0.
(2)∆θ =
{
(θt − θ1)− 360
◦, if θt − θ1 > 180
◦;∣∣(θt − θ1)+ 360◦∣∣, if θt − θ1 < −180◦.
threshold of 100° is that the wind direction change during 
ASM onset in spring is smaller than that in July (usually 
120°). The other reason is that the wind direction change is 
less than 120° over the northeastern BOB (15°–23°N) due 
to the influence of the Indo-Burma trough.
Therefore, the ASM onset date on each grid can be 
defined as the day when the following ASM onset criteria 
(ASMOC) are satisfied:
1. The upper tropospheric (500–200 hPa) MTG changes 
from negative to positive and remains positive for more 
than 10 days;
2. The wind direction change at 10-m height is greater 
than 100°;
3. The rainfall is steadily greater than 5 mm day−1 over 
the ocean and 3 mm day−1 over the land.
If the area-averaged MTG, wind direction change and 
rainfall over the BOB (5°–15°N, 85°–100°E), the SCS (5°–
20°N, 110°–120°E) and India (10°–20°N, 60°–75°E) meet 
the ASMOC, the summer monsoon is considered to com-
mence in those specific regions. The onset dates of summer 
monsoon over the BOB, the SCS and India defined by the 
ASMOC are significantly correlated with those defined by 
other criteria (Table 1), including the zonal wind at 850 hPa 
(Wang et al. 2004, 2009b; Tian and Wang 2010), the OLR 
or precipitation (Ananthakkrishnan and Soman 1988; Wang 
and Wu 1997), the MTG in the middle and upper tropo-
sphere (Webster et al. 1998; Mao and Wu 2007), and the 
vertically integrated diabatic heating (Xavier et al. 2007) 
or water vapor (Taniguchi and Koike 2006; Prasad and 
Hayashi 2005). The climatology obtained by arithmetically 
Table 1  Linear correlation coefficients of onset dates defined by the 
ASMOC in this study with others over the BOB, SCS, and India
All values have passed the 99 % confidence level
BOB
U850 (Mao and Wu 2007) 0.892
OLR (Mao and Wu 2007) 0.635
MTG (Mao and Wu 2007) 0.804
SCS
Wang et al. (2004) 0.504
Wang and Wu (1997) 0.699
Tian and Wang (2010) 0.557
India
Ananthakkrishnan and Soman (1988) 0.665
Wang and Wu (1997) 0.699
Taniguchi and Koike (2006) 0.739
Xavier et al. (2007) 0.678
Wang et al. (2009b) 0.734
Prasad and Hayashi (2005) 0.739
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averaging the ERA-Interim reanalysis is utilized to describe 
the general features of ASM onset. Since ASM onset begins 
over the eastern BOB accompanied by a large release of 
latent heat to the atmosphere, the BOB monsoon convec-
tion plays an important role in the subsequent progress of 
ASM onset (Liu et al. 2002). To highlight the climatologi-
cal effect of BOB monsoon convection, a composite analy-
sis technique introduced below is also employed in this 
study. For each individual year, the onset date is defined as 
day zero (D0), with the dates before (after) the onset date 
of BOB summer monsoon being labeled as negative (posi-
tive) days. All the variables are chosen from 30 days before 
(D−30) to 30 days after (D+30) the BOB summer monsoon 
onset date each year. The climatology of a particular vari-
able for each of the 61 days (D−30 to D+30) during BOB 
summer monsoon onset is thus calculated by arithmetically 
averaging the data over each corresponding day.
3  Propagation of Asian summer monsoon onset
Evolutions of daily mean precipitation derived from 
CMAP, GPCP, TRMM and ERA-Interim data averaged 
over 10°–20°N are shown in Fig. 1 for the period 1 April–
30 June. Despite some dissimilarity in the rainfall evolu-
tions in different datasets, they generally depict the ASM 
onset process well. Along the latitudinal zone between 
10°N and 20°N, rainfall intensification first occurs over 
the BOB from late April to early May, and then expands 
eastward with its maximum reaching the SCS around mid 
May. Over the Arabian Sea and Indian Peninsula, however, 
no westward propagation of monsoon rainfall is found 
after the BOB summer monsoon onset. It is not until the 
end of May and early June that the rainfall over the Ara-
bian Sea and Indian subcontinent enhances to greater than 
5 or 3 mm day−1, representing the Indian summer mon-
soon onset. The three-phase feature of ASM onset, as first 
revealed in a case study by Wu and Zhang (1998), can be 
identified clearly from the climatological means based on 
different data sets. Since the spatial and temporal distri-
butions of CMAP rainfall are similar to their counterparts 
from satellite observations and reanalysis data, and since 
the CMAP data set is high quality and has a long history, 
it is appropriate to use CMAP precipitation to study ASM 
onset. Hereafter, we adopt CMAP precipitation to define 
the rainfall criterion for ASM onset.
According to the MTG summer monsoon onset criteria, 
climatologically the summer monsoon onset times over 
the BOB, the SCS, and the Indian subcontinent are deter-
mined as early May, mid May, and late May, respectively 
(Fig. 2a). These are also plotted in Fig. 1 for comparison 
purposes. The three-phase monsoon onset identified by the 
Fig. 1  Evolutions of daily mean precipitation derived from a CMAP, 
b GPCP, c TRMM and d ERA-Interim averaged over 10°–20°N for 
the period 1 April–30 June. The contour interval is 2 mm day−1, and 
solid black curves indicate the 5 mm day−1 contour. Red, blue and 
green bold lines denote, respectively, the onset dates of summer mon-
soon over the BOB (5°–15°N, 85°–100°E), SCS (10°–20°N, 110°–
120°E), and India (10°–20°N, 60°–75°E) regions defined by the MTG 
index, as shown in Fig. 2a
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precipitation is comparative to that depicted by the MTG, 
and is prominent based on both the MTG analysis and the 
precipitation.
The ASM onset process can be depicted more clearly by 
analyzing its climatological daily or pentad isochrones (Tao 
and Chen 1987; Lau and Yang 1997; Webster et al. 1998; 
Wang and LinHo 2002). Due to the limitation of available 
data, as well as the different onset criteria and diversity of 
datasets used in various studies, remarkable discrepancies 
exist in previous work with respect to the isochrones of 
ASM onset. Most of these isochrones of summer monsoon 
onset are based on the seasonal rainfall variation (Tao and 
Chen 1987; Lau and Yang 1997; Wang and LinHo 2002). 
However, since ASM onset is accompanied by a seasonal 
reversal of the prevailing wind direction, it is insufficient to 
determine ASM onset based solely on the rainfall criterion 
without considering the change in wind direction. Accord-
ingly, it is more appropriate to identify ASM onset in light 
of the seasonal transition of the MTG, the wind direction 
change, and the rainfall variation.
Here, the ASM onset isochrones are calculated over the 
ASM region based on the ASMOC described in Sect. 2. 
The ASM region is identified as the area where all three 
of the onset criteria are satisfied for at least one pentad in 
boreal summer. The results shown in Fig. 2b demonstrate 
that ASM starts with BOB summer monsoon onset at Pen-
tad 25 (1–5 May). It then expands eastwards, crosses the 
Indochina Peninsula, and reaches the SCS at Pentad 28 
(16–20 May), corresponding to the SCS summer monsoon 
onset. However, after ASM onset is established over the 
BOB around early May, it cannot propagate westward to 
reach India and the Arabian Sea directly. In other words, 
the westward propagation of ASM onset is blocked near 
the western coast of the BOB, forming a MOB in situ 
(Fig. 2b). Here the MOB region is defined as the ocean por-
tion in the definition region which is located in the western 
coast of the BOB and the eastern coastal waters of Indian 
Peninsula bounded between 78°E and 82.5°E and between 
10°N and 20°N. In this region the ASMOC is not satisfied 
and the tropical rainfall greater than 5 mm day−1 is lim-
ited to the south of 10°N from April to early June (Fig. 2c). 
Because of the existence of MOB, the summer monsoon 
onset process over the Arabian Sea/India appears as a rainy 
belt advancing northward from the equator to the north dur-
ing Pentads 25–31. The rainy belt reaches the southwestern 
coast of Indian Peninsula at Pentad 30 (26–30 May), indi-
cating the Indian summer monsoon onset, and by the time 
the 1-month process of tropical ASM onset has completed.
4  Possible mechanism for the MOB formation
Figure 2b, c indicate that the MOB is generated after the 
BOB summer monsoon onset. To investigate the effect of 
BOB summer monsoon convection on the MOB formation, 































Fig. 2  a Time series of the MTG (10−6 K m−1) averaged over the 
BOB (5°–15°N, 85°–100°E), SCS (10°–20°N, 110°–120°E), and 
India (10°–20°N, 60°–75°E). Green, blue and red bold lines denote 
the onset date of summer monsoon over the BOB, SCS, and India, 
respectively. b The climatological pentad-isochrones indicating the 
onset process of Asian summer monsoon. The arrows with the cir-
cled numbers 1, 2 and 3 represent the onset phases over the BOB, 
SCS and India. The area encircled by red and blue dot lines repre-
sents the topography greater than 500 and 1,500 m, respectively. 
Orange shading within the definition region (box bounded between 
78°E and 82.5°E and between 10°N and 20°N) over the eastern 
coastal waters of Indian Peninsula in the inserted map denotes the 
monsoon onset barrier (MOB) region. The gray-filled area represents 
the Asian summer monsoon region where the ASMOC are satisfied 
(see text for details). c Time-latitude crossing section of CMAP rain-
fall (mm day−1) from April to June and averaged between 78°E and 
82.5°E in which the MOB is located, solid black curves indicate the 
5 mm day−1 contours
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state from D−10 to D−1 and from D+1 to D+10, respectively. 
To highlight the effect of BOB monsoon convection, the 
onset change is defined as the difference between the post-
onset and pre-onset stages. This 21-day period centered on 
the onset day is long enough for Rossby waves to develop 
but short enough to isolate the onset signal from the more 
general seasonal evolution. Based on a diagnostic analysis 
of various elements in different onset stages and their onset 
changes, the impact of BOB monsoon onset on the local 
circulation and air–sea interaction can be revealed.
4.1  Impact of BOB convection on the large-scale 
atmospheric circulation
The distribution of diabatic heating in the middle tropo-
sphere and the relevant atmospheric circulation at differ-
ent levels associated with BOB summer monsoon onset 
are shown in Fig. 3. In the pre-onset stage of BOB summer 
monsoon, the diabatic heating at 400 hPa released by tropi-
cal convection is situated over the southern BOB along the 
equator (Fig. 3a–c). The only rainfall located from 10°N 
to 20°N is the pre-monsoon convection over the Indochina 
Peninsula, which is generated under the mechanical and 
thermal forcing of the Tibetan Plateau prior to the BOB 
summer monsoon onset (Liu et al. 2013). Meanwhile, in 
the upper troposphere the South Asian high (SAH) settles at 
10°N with its center over the southern SCS (Fig. 3a), and in 
the middle and lower troposphere a continuous subtropical 
anticyclone belt is located along 10°N–20°N from Arabian 
Peninsula to western Pacific (Fig. 3b, c). After the BOB 
summer monsoon onset in early May, as shown in Fig. 2b, 
massive diabatic heat release (Q1) takes place over the 
northeastern BOB due to the monsoon convection (Fig. 3d–
f); the SAH at 200 hPa has migrated northwestward over 
the Indochina Peninsula (Fig. 3d); and a deep trough in 
the middle and lower troposphere, named the Indo-Burma 
trough, has established over the northern BOB (Fig. 3e, f). 
The evolution of circulation during the BOB summer mon-
soon onset can be further depicted by the onset changes 
in Q1 at 400 hPa and the wind field on different isobaric 
surfaces (Fig. 3g–i). A meridional dipole pattern of Q1 at 
400 hPa, presenting a positive center over the northern 
and central east BOB and a negative one near the equator, 
implicates the northward migration of monsoon convection 
over the BOB. As the SAH elongates northwestwards, the 
onset change of 200-hPa circulation manifests itself as an 
anticyclone over the Tibetan Plateau to the north of the Q1 
center over the northeastern BOB (Fig. 3g). In the middle 
and lower troposphere, a closed cyclone is located over the 
BOB at 500 and 700 hPa (Fig. 3h, i), consistent with the 
formation of the Indo-Burma trough and the splitting of the 










Fig. 3  Horizontal distributions of wind field (vectors) at a, d 
200 hPa, b, e 500 hPa, and c, f 700 hPa, and diabatic heating Q1 at 
400 hPa (shading) in the pre-onset (a–c) and post-onset (d–f) stages 
of BOB summer monsoon. The onset change of Q1 at 400 hPa (shad-
ing) and the wind field (vectors) at 200, 500 and 700 hPa are pre-
sented in (g–i), respectively. Units are m s−1 for wind and K day−1 
for Q1
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presents a Gill-type circulation response to the BOB mon-
soon heating (Gill 1980).
The temporal evolutions of vertical motion over differ-
ent regions are depicted in Fig. 4. As a Gill-type Rossby-
wave response, a strengthening descent is situated over 
the MOB region to the west of the BOB monsoon convec-
tion (Fig. 4a), especially in the lower troposphere below 
500 hPa. After the BOB summer monsoon onset, the mon-
soon convection over the BOB releases a mass of conden-
sation heating after D0. Then the descent over the MOB 
region, which settles below 500 hPa before D0, is enhanced 
with the strengthening downward airflow from 500 to 
200 hPa after the BOB summer monsoon onset (Fig. 4a). 
Consequently, the condensation heating released by the 
BOB summer monsoon convection is conducive to the for-
mation of the MOB by enhancing the descent to the west of 
the BOB. In the meantime, a transition from local descent 
to ascent occurs over the BOB and to its east, accompanied 
by the remarkable intensified ascent with its maximum near 
500 hPa (Fig. 4b, c). Furthermore, the ascent over the SCS 
develops in the whole troposphere after D+4, implying the 
incubation of the SCS summer monsoon onset (Fig. 4c).
Figure 4 also shows that the vertical shear of zonal wind 
is different over the MOB region, BOB and SCS regions dur-
ing ASM onset. Before D0, the vertical westerly shear below 
200 hPa controls the above three regions. While the vertical 
westerly shear persists over the MOB region after the BOB 
summer monsoon onset, it weakens and even reverses to 
vertical easterly shear over the BOB and SCS after D0 and 
D+4, respectively. Actually, the vertical shear of zonal wind 
in the latitudinal band between 10°N and 20°N is associ-
ated with the location of the subtropical anticyclone ridge-
line (u = 0) at different levels. In the upper troposphere, as 
the ridgeline migrates gradually northward during the BOB 
monsoon onset, the easterly is strengthened over the whole 
ASM region, as shown in Figs. 3g and 5a. Note that after 
the BOB summer monsoon onset, the ridgeline at 200 hPa 
moves northward slowly to the west of 90°E, but faster to 
its east. This is because the SAH is evidently expanding 
northeastward due to the latent heat released by monsoon 
convection over the BOB and SCS (Fig. 3g). In the lower 
troposphere, however, the ridgeline migration is quite zonal 
asymmetric (Fig. 5b). Before and after the BOB monsoon 
onset, the ridgeline remains stable to the west of 90°E, but 
migrates southward to its east. The southward withdrawal 
of the ridgeline over the east is mainly due to the develop-
ment of cyclonic circulation from the BOB to the SCS, as 
shown in Fig. 3h, i. Thus, the vertical tilting of the ridgeline 
between 500 and 200 hPa over the Indian Peninsula remains 
southward, maintaining the wintertime pattern (Fig. 5c); 
whereas, it is northward over the Indochina Peninsula (from 
100°E to 110°E) and has changed to the summertime pattern 
(Fig. 5d). These changes suggest that, after the BOB sum-
mer monsoon onset, vertical westerly shear still maintains 
over the Indian Peninsula, corresponding to the warm-in-the-
south and cold-in-the-north type pattern associated with win-
ter (Fig. 5e); whereas, strong easterly shear has established 
to the east of the BOB, implying the development of the 
warm-in-the-north and cold-in-the-south type pattern, typi-
cal of summer, over the eastern ASM area (Fig. 5f). Since 
a vertical easterly shear strengthens air ascent, the monsoon 
rainfall expands eastward to the Indochina Peninsula and the 
SCS. Moreover, based on the thermal wind relationship, the 
occurrence of vertical easterly shear prompts the MTG rever-
sal from negative to positive and favors the establishment of 
summer circulation. Consequently the SCS summer mon-




Fig. 4  Pressure–time cross section of local zonal circulation (vectors, 
m s−1) and Q1 (shading; K day
−1) over the a MOB region (orange 
shading shown in Fig. 2b), b BOB (10°–20°N, 90°–100°E), and c 
SCS (10°–20°N, 110°–120°E)
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monsoon onset (Fig. 2b). In contrast, the stable vertical west-
erly shear accompanied by air descent over the MOB region 
and the Indian Peninsula inhibits the development of mon-
soon convection. Hence, the westward extension of ASM 
onset is blocked.
4.2  Onset changes of thermal structure in the lower 
troposphere
As shown in Figs. 1 and 2, the MOB manifests itself as 
suppressed monsoon convection over east coastal waters 
of the Indian Peninsula. Hence, it is necessary to first 
analyze the thermal status over the MOB region to check 
the atmospheric convective instability. Generally, the 
spatial distribution of convective available potential energy 
(CAPE) is used to identify the regions where the atmos-
phere is convectively unstable, and it determines the poten-
tial of deep convection.
However, a high value of CAPE does not necessarily result 
in strong convection (e.g., Thompson et al. 1979; McBride 
and Frank 1999; Sobel et al. 2004; Yano and Emanuel 1991), 
as the simulated air parcel needs to overcome a usually sta-
ble layer between the surface and the level of free convection 
(LFC). The intensity of this stable layer is identified by con-




Rd(Tve − Tvp) d(lnP)
Fig. 5  Evolution of the 
ridgeline from D−10 to D+10 
with respect to the BOB sum-
mer monsoon onset date at a 
200 hPa and b 500 hPa. (c) and 
(d) respectively present vertical 
cross sections of the ridgeline 
of subtropical anticyclone aver-
aged over the “west” and the 
“east” region, as indicated in 
(b). Shaded areas in (c) and (d) 
denote topography. (e) and (f) 
are the horizontal distribution of 
the thickness between 500 and 
200 hPa (gpm) in the pre-onset 
and post-onset stage, respec-
tively. The red solid line in (e) 
and (f) represents the maximum 






719Asian summer monsoon onset barrier
1 3
where PSFC is the surface pressure level (1,000 hPa in this 
study); PLFC is the pressure at LFC for a parcel that has 
risen from 1,000 hPa; Tve is the virtual temperature of the 
environment at pressure level P through which the parcel 
rises; Tvp is the virtual temperature of the parcel at pressure 
level P through which the parcel rises; and Rd is the dry gas 
constant.
As CINE defines the energy of a parcel needed to reach 
the LFC and therefore to be able to develop convection, 
CINE describes the limiting factor, which can prevent con-
vection even though very high values of CAPE may exist. 
Thus, the occurrence of convection is closely associated 
with the CINE intensity. The larger the CINE, the more dif-
ficult it is for the convection to take place.
The horizontal distribution of CINE during the BOB sum-
mer monsoon onset is presented in Fig. 6. Before the BOB 
summer monsoon onset, the CINE is larger than 100 J kg−1 
over the Indochina Peninsula, and it is greater than 
200 J kg−1 over the Indian Peninsula. The relatively small 
CINE over the Indochina Peninsula is related with the local 
pre-monsoon rainfall. Furthermore, the CINE is very small 
over the southern BOB and southern Arabian Sea (Fig. 6a), 
suggesting active convection in the tropics. Subsequently, 
monsoon convection develops over the Indochina Peninsula 
after the BOB summer monsoon onset (Figs. 2b, 4b), accom-
panied by an obvious in situ decrease in CINE (Fig. 6b). In 
addition, the CINE starts to diminish over the central and 
northern Arabian Sea, predicting the independent develop-
ment of Indian summer monsoon convection (Fig. 2b). Note 
that the CINE becomes more organized and even larger to 
the west of the BOB monsoon convection, especially over 
the MOB region (Fig. 6b). Such evolution of CINE can 
be presented more evidently in its onset change. Figure 6c 
shows that the CINE is increased over the MOB region, 
but decreased over the eastern BOB after the BOB sum-
mer monsoon onset. Over the MOB region, the descent is 
enhanced (Fig. 4a), leading to a drier and more stable layer 
and increased CINE in the lower troposphere; whereas, the 
developed ascent over the eastern BOB is consistent with 
the less-stable lower troposphere and the decreased CINE. 
Moreover, the onset change of CINE is determined by vari-
ation of the pressure at LFC and the virtual temperature 
difference between environmental and air parcel (Tve–Tvp) 
according to Eq. (3). Figure 7a shows that after the BOB 
summer monsoon onset, the temperature difference between 
environment and air parcel is increased evidently over the 
MOB region, but decreased over the eastern BOB. While 




Fig. 6  Horizontal distributions of CINE (J kg−1) in the a pre-onset 
and b post-onset stage. The onset change of CINE is presented in 





Fig. 7  Onset changes of a the difference between environmental and 
air parcel virtual temperature (Tve–Tva, interval is 0.2 K) averaged 
from 1,000 to 900 hPa and b the pressure of lifting free convection 
(interval is 100 hPa). The ocean portion in the box surrounded by 
dashed lines is the defined MOB region
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with its minimum near 90°E, but increased over the eastern 
BOB (Fig. 7b). The overlapping in the MOB region between 
the enhanced CINE and the increased temperature differ-
ence (Figs. 6c, 7a) implies that the onset change in tempera-
ture difference between environment and air parcel is more 
important for the increase of CINE over the MOB region 
after the BOB summer monsoon onset.
The increased onset change in CINE in the MOB region 
suggests that it requires more energy to uplift the air parcel 
to the LFC from the surface over the MOB region and the 
development of monsoon convection becomes more diffi-
cult in this region.
4.3  Impact of BOB convection on air–sea interaction
Air–sea heat flux is composed of solar radiation, longwave 
radiation, latent heat flux, and sensible heat flux. Their 
onset changes are portrayed in Fig. 8. After the BOB sum-
mer monsoon onset, due to the abrupt increase in cloud 
amount over the BOB region, the downward solar radia-
tion is decreased obviously while the downward longwave 
radiation is increased slightly. Thus the total downward 
radiation heating received by the sea surface of the BOB 
is reduced (Fig. 8a, b). Simultaneously, the upward latent 
heat flux increases over the BOB (Fig. 8c). Furthermore, 
the upward sensible heat flux is enhanced over the eastern 
BOB but weakened over the western BOB, with its mini-
mum over the MOB region (Fig. 8d).
Because of the smaller scale of sensible heat flux, the 
SST variation is primarily controlled by the onset changes 
in solar radiation, longwave radiation and latent heat 
flux. When the BOB summer monsoon builds up, a local 
cyclone is formed in the lower troposphere over the BOB 
(Fig. 3i). On one hand, the monsoon convection increases 
the cloud amount (Fig. 9a, b) to reduce the shortwave solar 
radiation arriving at the sea surface (Fig. 8a); on the other 
hand, it strengthens the sea-surface southwesterly, which 
remarkably increases the latent heat release from the sea 
surface (Fig. 8c). As a result, the monsoon onset convection 
over the BOB decreases the SST over most of the BOB by 
diminishing the shortwave solar radiation and strengthen-
ing the sea-surface heat release (Fig. 9c).
Although the sensible heat flux has little influence on 
SST variation, it is very important for the atmospheric cir-
culation. First, a cloud-free atmosphere does not absorb 
radiation heating effectively, while the sensible heating 
from the bottom can generate available potential energy 
(APE) efficiently in a region S where the heating Q and the 
temperature T are positively correlated, i.e., 
∫
S
(TQ)ds > 0. 
Second, it can act as a trigger to release positive CAPE in 
the atmospheric column by elevating a moist air parcel to 
the LFC from the underlying surface in the boundary layer. 
Therefore, as shown in Fig. 8d, the positive sensible heat 
flux then increases over the eastern BOB where the ASM 
onset propagates, whereas the negative change of sensible 
heat develops over the MOB region to inhibit any uplifting 
(a) (b)
(c) (d)
Fig. 8  Onset changes of heating flux (W m−2) at the sea surface: a 
net downward solar radiation; b net downward longwave radiation; c 
upward latent heating flux; and d upward sensible heating flux. The 
radiation and flux are extracted from the ISCCP and OAFlux data-
sets, respectively. Downward is positive in (a) and (b), while upward 
is positive in (c) and (d). The ocean portion in the box surrounded by 
dashed lines is the defined MOB region
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of moist parcels, and then the monsoon convection is sup-
pressed. Consequently, the strong negative sensible heat 
over eastern coastal waters of the Indian Peninsula becomes 
another factor contributing to the MOB formation after the 
BOB summer monsoon onset.
More importantly, the polarity of sensible heating over 
the BOB is ascribed to the difference between SST and SAT 
(represented by air temperature at 2-m height). Figure 9c, 
d implicate that although the SST is cooling over most of 
the BOB, the SAT variation manifest itself as a very zonal 
asymmetric distribution, say that the SAT is cooling over the 
eastern BOB but warming over the western BOB after the 
BOB summer monsoon onset. Also the warming SAT center 
is over the MOB region. Actually, after the BOB summer 
monsoon onset over the eastern BOB, the cooling of SST 
is weaker than that of SAT, and so positive sensible heat-
ing is enhanced. However, over the western BOB, especially 
over the MOB region, the SST cooling and SAT warming 
engender negative sensible heating (Fig. 9c, d). Thus the 
zonal asymmetry of onset change in sea-surface sensible 
heat flux is primarily ascribed to the SAT variation over the 
BOB after the BOB summer monsoon onset. In addition 
to the cooling of SST, the warming of SAT over the MOB 
region also contributes to the local strong negative sensible 
heat flux, which supports the MOB genesis.
To investigate the possible reason for the SAT variation 
before and after the BOB summer monsoon onset, we treat 
the variables at 925 hPa as proxies for those near the sur-
face because of the similarity of wind and air temperature 
distributions between 925 hPa and the surface (figure not 
shown). Their evolution during monsoon onset is shown in 
Fig. 10. For the 10-day average state the time-dependent 
terms are weak enough to be ignored and the thermody-
namic equation can be written in its stationary form:
where V , T and Q1 are horizontal wind, air temperature, 
and diabatic heating at 925 hPa, respectively; and cp is 
1,004 J K−1 kg−1, representing the specific heat of dry air 
at constant pressure. The balance relationship of Eq. (4) 
varies from place to place in different episodes of BOB 
summer monsoon onset. In the pre-onset stage (Fig. 10a–
c), over the Arabian Sea and the BOB, the diabatic cooling 
is primarily balanced by adiabatic warming associated with 
local subsidence. Meanwhile, the diabatic heating over the 
Indian Peninsula and Indochina Peninsula is compensated 
by both cold temperature advection and adiabatic cooling, 
with the latter prevailing over the former. The 925-hPa air 










Fig. 9  Onset changes in a total cloud cover (%), b OLR (W m−2), c SST (K), and d air temperature at 2-m height (K). The ocean portion in the 
box surrounded by dashed lines is the defined MOB region
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over Indochina Peninsula where the pre-monsoon rainfall 
takes place (Fig. 10d). The surface sensible heat flux is 
strong over land but weak or even negative over ocean in 
this period (Fig. 10e).
However, such equilibrium is changed in the post-onset 
period (Fig. 10f–h). The descent is still located over the 
Arabian Sea, where the adiabatic heating, together with 
relatively weak warm temperature advection, balances the 
local diabatic cooling. Over the MOB region, the diabatic 
cooling near the surface is due mainly to the enhanced neg-
ative sensible heating (Fig. 10f, j), and is balanced by the 
adiabatic warming due to the local descent after the BOB 
summer monsoon onset (Figs. 4a, 10h). To the west of 
MOB region there is stronger large-scale sinking over the 
western Indian Peninsula with little convection. Notice that 






Fig. 10  Horizontal distributions of a, f diabatic heating, b, g horizon-
tal temperature advection, c, h adiabatic heating, and d, i air tempera-
ture (units: K) at 925 hPa; and e, j upward surface sensible heating 
flux (units: W m−2) in the pre-onset (a–e) and post-onset (f–j) stages. 
Units are K day−1 in (a–c) and (f–h). All calculations are based on 
the ERA-Interim dataset. Gray shading denotes topography. The 
ocean portion in the box surrounded by dashed lines is the defined 
MOB region
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the near-surface diabatic heating (Fig. 10f, j), which is bal-
anced by strong cold temperature advection (Fig. 10g) and 
relatively weak adiabatic cooling (Fig. 10h) in the lower 
troposphere. The air temperature then increases with the 
enhanced surface sensible heating over the Indian Pen-
insula (Fig. 10i). Moreover, to the east of MOB region a 
deep monsoon convection and strong ascent controls the 
Indochina Peninsula, where the diabatic heating induced 
by convective condensation is in equilibrium with adiabatic 
cooling, even at the near-surface level (Fig. 10f, h). There-
fore, during the BOB onset process, the diabatic effect 
at 925 hPa is balanced by the adiabatic process over the 
ocean, including the MOB region, the eastern BOB and the 
Arabian Sea, but is compensated by both horizontal tem-
perature advection and the adiabatic effect over the Indian 
Peninsula to the west of MOB region.
The reason for the strengthened SAT warming and nega-
tive sensible heat flux over the MOB region after the BOB 
summer monsoon onset can be investigated by the onset 
change in each term of Eq. (4) at 925 hPa, as displayed in 
Fig. 11. After the BOB summer monsoon onset, the diaba-
tic heating due to monsoon convection is strengthened over 
the northeastern BOB to the east of MOB region, and bal-
anced by adiabatic cooling associated with the enhanced 
ascent (Fig. 11a, d). Meanwhile, the strengthened anti-
cyclone over the western Indian Peninsula to the west of 
MOB region (Fig. 11b) enhances the local surface sensi-
ble heating (Fig. 11f) to increase the near-surface diabatic 
heating (Fig. 11a). Subsequently, the enhanced westerly 
over the Indian Peninsula (Fig. 11b) brings the heated air 
downstream to the MOB region. Hence, cold and warm 
temperature advection is strengthened over the Indian 
Peninsula and the MOB region, respectively (Fig. 11c). 
In other words, the intensified cold advection tends to bal-
ance the stronger diabatic heating over land (Fig. 11a, c); 
while the reinforced warm advection increases the air tem-
perature over the MOB region, forming the local warm 




Fig. 11  Onset changes in a diabatic heating, b wind field (units: 
m s−1), c horizontal temperature advection, d adiabatic heating, and 
e air temperature (units: K) at 925 hPa; and f upward surface sensi-
ble heating flux (units: W m−2). Units in (a), (c) and (d) are K day−1. 
Gray shading denotes topography. The ocean portion in the box sur-
rounded by dashed lines is the defined MOB region
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and diabatic cooling (Fig. 11f, a) which is in equilibrium 
with the adiabatic warming due to local descent (Fig. 4a, 
d). The maintenance of negative surface sensible heating 
over the MOB region after the BOB summer monsoon 
onset reduces the local APE since heating and temperature 
there are negatively correlated, and prevents the moist air 
parcel from uplifting to the LFC, further suppressing mon-
soon convection over the MOB region. Both the descent 
in the free atmosphere and the negative sensible heating 
in the boundary layer contribute to the MOB formation 
over eastern coastal waters of the Indian Peninsula, where 
the ASM onset is blocked. However, over the east of the 
BOB, the enhanced sensible heat flux, with a maximum of 
6 W m−2 (Figs. 8d, 11f), provides a favorable condition for 
the uplifting of air parcel, and then facilitates the eastward 
propagation of monsoon onset. Simultaneously, the upper 
divergence-pumping associated with the SAH variation is 
also conducive to the occurrence of monsoon rainfall over 
the northeastern BOB; and the vertical coupling between 
the upper and lower circulation is vital for the formation 
and maintenance of cyclonic circulation in the lower tropo-
sphere over the eastern BOB (Liu et al. 2013). As a result, 
the monsoon precipitation advances eastward to the Indo-
china Peninsula and eventually reaches the SCS.
5  Summary and discussion
The ERA-Interim reanalysis dataset and latest rainfall 
products derived from satellite observation were used to 
investigate the ASM onset process. The results showed that 
the evolution of monsoon precipitation over India and the 
Arabian Sea is distinct from that over the BOB and the SCS 
during ASM onset, i.e., there is a discontinuity between the 
monsoon onset process over the Indian subcontinent to the 
Arabian Sea region and that over the BOB and SCS. After 
ASM onset occurs over the eastern BOB, it continues to 
advance eastward but cannot propagate westward. Actually, 
ASM onset propagation is blocked over the eastern coastal 
waters of Indian Peninsula to form a “MOB” in situ, which 
is a conspicuous feature during the ASM onset process.
We also discussed the relevant mechanism responsible 
for the MOB formation. It was elucidated that the atmos-
pheric feedback from the monsoon convective heating dur-
ing BOB monsoon onset causes the remarkable changes 
of both the circulation in the free atmosphere and the 
local air–sea interaction in the boundary layer of the ASM 
region, and contributes to the MOB formation and ASM 
onset sequence.
1. After summer monsoon is established over the BOB 
in early May, the condensation heating released by 
monsoon convection forces a large-scale circula-
tion change. In detail, vertical westerly shear and air 
descent occurs over the MOB region and the Indian 
Peninsula, but vertical easterly shear and air ascent 
appears over the Indochina Peninsula and SCS. In 
the upper troposphere, the strong condensation heat-
ing released by the BOB monsoon convection leads to 
the strengthening and northwestward migration of the 
SAH. In the middle and lower troposphere, the Indo-
Burma trough is generated over the northeastern BOB, 
which results in the southeastward retreat of the ridge-
line of the subtropical anticyclone from 17.5°N to 5°N. 
The entire pattern of circulation change in the tropo-
sphere presents a distinct Gill-type circulation response 
to the condensation heating over the eastern BOB. 
Consequently, in the free atmosphere vertical easterly 
shear develops to the east of the BOB, whereas the 
wintertime vertical westerly shear is maintained over 
the MOB region and the India. This large-scale circu-
lation pattern is conducive to the development of air 
ascent to the east of the BOB and descent to its west, 
which inhibits the ASM onset from propagating west-
ward directly but allows its eastward propagation.
2. In the boundary layer, the BOB monsoon convection 
reduces the basin-wide SST through cloud–radiation 
and wind–evaporation–SST feedback (Xie 1996). 
Meanwhile, the SAT experiences strong cooling over 
the eastern BOB due to the monsoon rainfall devel-
opment, but undergoes remarkable warming over the 
MOB region ascribed to the strong warm temperature 
advection from the Indian subcontinent. Consequently, 
the positive sensible heating over the area east of the 
central BOB is increased. This helps maintain the sur-
face cyclonic circulation and air ascent in conjunction 
with the upper-pumping associated with the SAH evo-
lution, and is thus favorable for the eastward expan-
sion of monsoon rainfall to the SCS. Meanwhile, the 
negative sensible heating develops over the MOB 
region, which reduces the local APE, prevents the 
moist air parcel from uplifting to the LFC, and then 
suppresses the development of monsoon convection. 
Consequently, monsoon convection cannot be trig-
gered, and summer monsoon rainfall is suppressed to 
generate the MOB to the west of the BOB monsoon 
convection.
Although ASM onset cannot advance westward from 
the BOB to India and the Arabian Sea directly, monsoon 
convection over the BOB and SCS can facilitate Indian 
summer monsoon onset indirectly via generating zonal 
asymmetric instability of the SAH (Liu et al. 2007) and 
producing divergence-pumping over the Arabian Sea in 
the upper troposphere (Wu et al. 2013; Zhang et al. 2014). 
From this viewpoint, the summer monsoon onsets over 
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the BOB, SCS and India should be considered as an open-
dissipative integral process controlled by complex land–
air–sea interaction, including the influence of large-scale 
mountain ranges.
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